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travel for radiation therapy
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http://dx.doi.org/10.1016/j.ijrobp.2014.04.011Purpose: To develop a framework with which to evaluate locations of radiation ther-
apy (RT) centers in a region based on geographic access.
Methods and Materials: Patient records were obtained for all external beam radiation
therapy started in 2011 for the province of British Columbia, Canada. Two metrics of
geographic access were defined. The primary analysis was percentage of patients
(coverage) within a 90-minute drive from an RT center (C90), and the secondary anal-
ysis was the average drive time (ADT) to an RT center. An integer programming
model was developed to determine optimal center locations, catchment areas, and ca-
pacity required under different scenarios.
Results: Records consisted of 11,096 courses of radiation corresponding to 161,616
fractions. Baseline geographic access was estimated at 102.5 minutes ADT (each
way, per fraction) and 75.9% C90. Adding 2 and 3 new centers increased C90 to
88% and 92%, respectively, and decreased ADT by between 43% and 61%, respec-
tively. A scenario in which RTwas provided in every potential location that could sup-
port at least 1 fully utilized linear accelerator resulted in 35.3 minutes’ ADT and
93.6% C90.
Conclusions: The proposed framework and model provide a data-driven means to
quantitatively evaluate alternative configurations of a regional RT system. Results sug-
gest that the choice of location for future centers can significantly improve geographic
access to RT.  2014 Elsevier Inc.Radiotherapy Department,
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Santiba´n˜ez et al. International Journal of Radiation Oncology  Biology  Physics746Introduction operated 28 of the its 30 LINACS distributed across 5 RTGeographic location of radiation therapy (RT) centers and
resource allocation pose a challenge for administrators
because of the significant infrastructure (linear accelerators
[LINACs], treatment bunkers, brachytherapy units) and
colocalized care. For this reason, RT centers were histori-
cally located in large academic centers, often resulting in
long travel distances or prolonged stays away from home
for many patients, especially in large countries with rural
populations with low population density such as Canada
and Australia (1).
Timely access to RT can improve patient outcomes and
satisfaction (2). Most efforts to improve accessibility of RT
in Canada have concentrated on wait times rather than
travel distance. Longer travel distances have been associ-
ated with reduced patient satisfaction, increased cost, and
decreased RT utilization (3-5). One systematic review
quoted distance to treatment centers as one of the most
significant barriers to receiving RT (6).
Multiple strategies have been proposed for determina-
tion of geographic location of RT centers to optimize ac-
cess. Most efforts have been targeted at decentralization
and location of centers in rural areas (1, 7-9). Recently,
Taylor et al (10) developed a method of analyzing the
number of RT courses in catchment areas within 100 km of
6 large cities in Alberta, Canada, to model the need for RT.
However, their model considered only 6 cities as possible
sites for centers. Many other strategies have also been
proposed, with a significant lack of consensus (1, 7, 9-11).
More complex analytical methodologies incorporating
detailed information about patient location and travel times
as well as allowing for many different possibilities for
location of services have been successfully utilized to
determine optimal access to other health care services such
as hemodialysis (12), emergency care (13, 14), and acute
care services (15). Little such work has been done in
relation to location of RT centers (10).
Our purpose was to develop a quantitative approach to
determine optimal locations and catchment areas of RT
facilities with respect to patient travel for a large
geographic region. Configuration scenarios were con-
strained to actual locations of acute care hospitals and to
produce enough utilization in each potential RT facility to
sustain at least either 1 or 2 LINACs. The main emphasis
focused on the percentage of patients living within a
90-minute drive of an RT facility, with a secondary
consideration of average travel time.
Methods and Materials
Setting
The British Columbia Cancer Agency (BCCA) provides
cancer care for a population of 4.6 million spread over
950,000 km2. During the study period, the BCCA fullycenters (an equivalent of 2 LINAC years were in state of
commissioning or maintenance during the period of study).
BC is organized into 16 health service delivery areas
(HSDA), with 4 broad regions of the province: the densely
populated greater Vancouver area (HSDAs 21-23 and
31-33); the sparsely populated north (HSDAs 51-53); the
southern interior (HSDAs 11-14); and Vancouver Island
(HSDAs 41-43) (Fig. 1). Each HSDA is assigned, for
planning purposes, to the catchment area of 1 cancer center
(eg, HSDA 11, 12, 13, and 14 are in the catchment area for
the Okanagan RT center located in HSDA 13) (Table 1).
Possible locations for RT centers in this study consist of
74 existing acute care hospitals within BC (Fig. 1), in
addition to the 5 existing centers (79 total potential loca-
tions). These locations provide a relatively balanced
coverage of the provincial population, and it is BCCA
practice to place RT centers in close proximity to an acute
care facility. Table 1 summarizes demography and RT re-
sources for each HSDA as of 2011.
A BCCA research team consisting of clinicians, ad-
ministrators, and analytics experts is developing and
implementing a decision-making framework that integrates
clinical, demographic, geographic, and operational con-
siderations to formalize and systematize strategic service
configuration decisions for provincial cancer treatment
services. The first step, presented in this paper, was to
determine current geographic access, to develop a facility
location optimization model to evaluate multiple facility
location scenarios, to compare existing facility locations to
modeled optimal locations, and to explore optimal loca-
tions for new centers.Approach
All incident cancers for 2007 to 2011 were used in the
analysis, with the primary analysis focusing on the most
recent available year (2011). Residents of other provinces
or those with unknown/invalid postal codes were excluded
because geographic access would not apply to them. Only
actual courses delivered were considered for optimization;
however, the travel times of all incident cases were used to
calculate the potential impact of utilization.
As a proxy for geographic access, drive times from each
patient’s location at diagnosis to every existing and po-
tential RT center location were determined using driving
route calculations in MapPoint (Microsoft, Redmond WA).
Patients residing in remote locations typically fly once and
stay at a lodge for the entire treatment rather than drive for
each appointment; nevertheless, drive time was used in
these cases to represent the inconvenience experienced by
such long travel (eg, temporary relocation, travel expenses,
and others).
Two metrics of geographic access were defined: average
drive time (ADT) to the assigned RT center and percentage
of patients (coverage) residing within a 90-minute drive of
Fig. 1. Health service delivery areas and hospital locations in British Columbia.
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primary analysis to avoid overemphasis on long travel
times associated with the ADT estimate. Travel times over
90 minutes were associated with a significant decline in the
utilization of postlumpectomy RT (a major indication for
RT) in Canada (16). The estimated driving time for those
within 60 minute radius around the proposed centers (C60)
were also calculated. These metrics are related but to some
extent conflicting: drive time prioritizes distant locations
whereas coverage prioritizes denser areas. Access calcula-
tions considered the actual number of fractions for each
course to capture repeated visits to the center.
An integer programming model (17) was developed to
determine optimal center locations and their corresponding
catchment areas and required capacity under different
scenarios. Integer programming, also referred to as
combinatorial optimization, is an advanced analytics tech-
nique that efficiently finds the best way of allocating re-
sources from a very large number of possible alternative
combinations, which is the case in this study. With
79 possible locations from which to choose, there is a verylarge number (tens of millions) of combinations when
selecting 5 potential locations, and many more possible
combinations when selecting 6 or more locations. Adding
more than 11,000 patients to distribute across the selected
locations means there is virtually an infinite number of
location-allocation configurations to evaluate, making the
analysis impractical without using integer programming.
The model structure is determined by the decision vari-
ables, the objective function, and the constraints that
represent the specifics of the problem at hand.
Decision variables
Binary variables were used to represent whether: (1) each
possible location was selected (value of 1) or not (value of
0) to have an RT center and (2) each RT course was allo-
cated to receive treatment (1) or not (0) in a center
(catchment definition).
Objective function
Function was defined as an aggregate representation of the
2 metrics of geographic access, ADT and C90, weighted
Table 1 Existing RT centers, hospitals, and demographics
RT center
(no. Of LINACs)* HSDA
No. of
hospitals
Cancer
incidencey
RT
coursesz Populationx
Population
density/km2
Okanagan (5) (11) East Kootenay 5 552 117 82,192 1.8
(12) Kootenay Boundary 4 614 226 79,614 2.8
(13) Okanagan 7 620 1033 361,619 15.5
(14) Thompson
Cariboo Shuswap
8 570 557 226,175 1.9
Fraser East (3) (21) Fraser East 4 459 743 290,972 21.1
Fraser South (5) (22) Fraser North 4 424 1263 622,297 244.1
(23) Fraser South 4 507 1597 728,255 759.6
South Vancouver
Island (5.5)
(41) South Vancouver
Island
5 470 1309 375,890 149.1
(42) Central Vancouver
Island
4 824 971 269,418 20.5
(43) North Vancouver
Island
5 601 364 123,287 3.0
Vancouver (9.5) (31) Richmond 1 417 397 199,199 1420.9
(32) Vancouver 5 404 1394 658,558 4523.4
(33) North Shore/Coast
Garibaldi
6 490 738 284,622 5.1
(51) Northwest 6 900 149 75,335 0.3
(52) Northern Interior 7 246 196 143,205 0.9
(53) Northeast 4 373 42 69,638 0.4
British Columbia 79 502 11,096 4,590,276 4.5
Abbreviations: HSDA Z health service delivery area; LINAC Z linear accelerator; RT Z radiation therapy.
* Number of operating LINACs in 2011; total of 28 of 30 were available across all centers (British Columbia Cancer Agency [BCCA] Radiotherapy
Program).
y Estimated crude cancer incidence rates (per 100,000 population) in BC, 2011 (BCCA Cancer Surveillance and Outcomes, Population Oncology).
z Radiotherapy courses started in 2011 (BCCA CAIS).
x Population estimates for 2011 (BC Stats People 36).
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drive time vs coverage).
Constraints
Constraints specify location/allocation requirements
and considerations for particular scenarios, as follows:
(1) minimum and maximum number of RT centers to locate
in total; (2) fixed locations (eg, pre-existing centers);
(3) minimum and maximum number of courses or LINACs
per center (capacity); and (4) catchment regions per center
(eg, HSDAs for which a center provides RT).
See Appendix for formulation details of the optimization
model. The mathematical model was implemented using a
commercial optimization modeling language (GAMS/
CPLEX, GAMS Development Corporation. Washington
DC) designed to solve large, difficult problems quickly and
with minimal user intervention. A typical instance of the
integer program consisted of 335,000 variables and 346,000
constraints. Solution times varied from 20 minutes to
24 hours using a computer powered by a Xeon E5520
processor, 2.27 GHz, 4-core 32-GB RAM (Intel, Santa
Clara, CA), depending on the number of pre-existing and
total centers to select, capacity constraints, and other
characteristics of the scenarios.
This analysis builds on concepts other studies have
explored (10, 18) but with increased complexity of analysis.Impact on utilization
To incorporate the potential impact of proximity to an RT
center on utilization, it was assumed that utilization rates in
the 90-minute travel time around an RT center would in-
crease to the rate of the existing center with the highest
center’s utilization (ie, 55.7%). For those regions beyond
90 minutes, it was assumed that the utilization rate would
be the existing average rate for case beyond 90 minutes (ie,
41.7%). The percentage of RT utilization (%RTU; ie, RT
courses within 1 year divided by incident cases within
1 year) for all courses and cases were then calculated for
each C90 scenario analysis.Sensitivity analysis
To estimate the degree of variability in the C60, 90, and
ADT values, additional years were modeled (2007-2010),
during which the patients treated had diagnoses at
different locations. Travel times for these patients
assumed they would travel to the nearest center deter-
mined by the modeled scenarios. The range of variation
(expressed as range/2) is shown in Table 2 for each
variable.
Table 2 Coverage and travel time according to modeled center locations
Capacity
No. of
LINACs Scenario
Maximum
no. of centers
Coverage emphasisy Closeness emphasis
%C90 ()* %C60 () %RTU
Minimum
ADT () ADT* C90
Baseline 5 75.9 (0.6) 71.1 (1.2) 49.5 120.5 (8.7) 120.5 75.9
Capacity
constraint
1 LINAC
minimum
curr 5 5 76.7 (0.7) 71.9 (0.5) 52.0 98.0 (9.0) 98.0 76.7
curr 5þ1 6 84.7 (0.7) 76.3 (0.4) 53.1 90.3 (9.7) 62.9 78.1
curr 5þ2 7 88.4 (0.6) 79.1 (0.4) 53.7 77.6 (8.5) 54.5 85.3
curr 5þ3 8 90.3 (0.7) 80.4 (0.5) 53.9 72.3 (8.6) 48.7 87.1
any 5 5 88.3 (0.6) 76.1 (0.5) 53.7 86.1 (8.2) 60.5 85.0
any 6 6 90.1 (0.7) 77.3 (0.6) 53.9 80.7 (8.3) 54.6 86.8
any 7 7 91.8 (0.7) 77.8 (0.5) 54.2 61.1 (2.1) 50.4 90.6
any 8 8 92.1 (0.9) 77.2 (0.6) 54.2 66.8 (4.5) 46.7 90.8
all 79 79 93.6 (0.6) 87.9 (0.5) 54.5 47.0 (1.5) 35.3 92.3
Australian 60 92.5 (0.7) 76.6 (0.7) 54.2 93.8 (5.3) 45.5 92.0
2 LINACs
minimum
curr 5 5 76.7 (0.7) 71.9 (0.5) 52.0 98.0 (9.0) 98.0 76.7
curr 5þ1 6 84.7 (0.7) 76.3 (0.4) 53.1 90.3 (9.7) 68.5 77.7
curr 5þ2 7 88.4 (0.6) 79.1 (0.4) 53.7 77.6 (8.5) 60.2 85.0
curr 5þ3 8 89.0 (0.5) 80.1 (0.4) 53.8 88.1 (5.3) 58.8 85.0
any 5 5 88.3 (0.6) 76.1 (0.5) 53.7 86.3 (8.1) 66.1 84.7
any 6 6 89.1 (0.6) 78.3 (0.5) 53.8 97.0 (5.2) 62.4 84.9
any 7 7 89.3 (0.6) 72.7 (0.7) 53.8 111.4 (6.1) 60.1 85.0
any 8 8 89.5 (0.6) 79.5 (0.5) 53.9 103.4 (6.7) 58.7 85.0
all 79 79 89.3 (0.6) 80.9 (0.4) 53.8 83.5 (6.0) 57.6 85.0
Australian 60 NA NA
Abbreviations: %CZ percentage covered; %RTUZ percentage radiation therapy utilization; ADTZ average drive time; anyNZ any 5-, 6-, 7-, and
8-center locations; C90 Z within 90-minute drive from an RT center; currN þ NZcurrent 5 centers þ (N) number of new centers; LINAC Z linear
accelerator; NA Z not applicable.
* Optimized metric is shown in bold for each scenario.
y As additional information, the 5-year (2007-2011) range () of each metric is shown in parentheses for coverage-emphasized scenarios.
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RT demand
A total of 11,096 courses of external beam RT delivered to
9613 unique patients, representing 161,161 fractions and
44,782 hours of treatment appointment time, were analyzed
after excluding 598 courses (approximately 5%) due to out-
of-province or invalid postal code data.
Operational conditions in BC in 2011 consisted of an
8.5-hour workday, 245 working days per year, 90%
capacity utilization, and an average of 16 fractions per
course. Under these assumptions, 1 LINAC was equiv-
alent to approximately 470 courses per annum, and the
11,096 courses in this analysis would require approxi-
mately 24 operating LINACs of capacity in total. For
purposes of this study, fractional LINAC estimates
represent different operating conditions, such as
modified workday duration (eg, shorter or longer hours
per day).
Figure 2 shows the location of the 5 BCCA centers in
operation in 2011 and residence (actual locations have been
randomly shifted by small amounts for privacy purposes) at
diagnosis of each patient who went on to undergo a course
of RT in 2011, color-coded based on the actual center of
treatment (catchment areas).Current access
Baseline ADT and C90 were estimated at 120.5 (median
23.9) minutes (one way per fraction) and 75.9%. Figure 3
shows a box plot with the distribution of drive time
(Fig. 3, left axis; long vertical line represents 5%-95% of
the range; shaded box reflects 25%-75% of the range; and
the horizontal line in the box reflects the median), and the 2
performance metrics: ADT (Fig. 3, left axis; black diamond
marker) and C90 (Fig. 3, right axis; horizontal gray line
with X marker) for all BC combined and each individual
center. The FE and FS centers show the least variation in
drive time as they serve denser, more contained areas; VA
center shows a similar pattern, but positively skewed due to
patients from remote locations being treated at this center.
The OK and SVI centers serve more dispersed populations.
Alternate location scenarios
A total of 38 scenarios seeking to improve geographic ac-
cess were modeled. These scenarios varied based on the
combination of the metric being optimized (C90 vs ADT),
minimum capacity per center (ie, enough utilization for a
minimum of 1 or 2 LINACs), maximum number of po-
tential centers (5, 6, 7, 8, or 79), and whether current center
locations were enforced or not.
Fig. 2. Location of current RT centers, hospitals, and treated patients in British Columbia.
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except where travel required long ferry commutes, which
were deemed impractical.
Capacity restrictions (1- and 2-LINAC minimums per
center) were defined as minimum operational conditions
from a staffing and efficiency perspective.
Within each minimum capacity setting, 10 different
scenarios where defined. In the first 4 scenarios (current 5,
current 5þ1, current 5þ2, and current 5þ3), the 5 existing
center locations were enforced, and 0, 1, 2, and 3 new RT
centers were selected from the extra 74 available locations,
respectively. The next 4 scenarios (any5, any6, any7, and
any8) represented a “greenfield” setting with no pre-
existing center locations, allowing for any 5-, 6-, 7-, and
8-center locations to be selected. Another scenario (all79)
represented an extreme case in which RT could be provided
in every possible location (up to 79 locations) that could
support the corresponding minimum capacity. Last, the“Australian” scenario represents a setting in which only 1
large center serves the larger metropolitan area of Van-
couver, and several small satellite centers serve the rest of
the population. In this study, the metropolitan area included
20 possible locations within the greater Vancouver area for
the main center and up to 59 possible locations for satellite
centers (combined maximum of up to 60 centers).
Summary performance results for each scenario are
provided in Table 2. In general terms, coverage (C90) can
be improved significantly from the current 75.9% with the
addition of 2 or 3 new centers, reaching to between 88%
and 92% depending on minimum capacity and current/
greenfield constraints. Similarly, drive time (ADT) can be
improved substantially with the addition of new centers,
reducing the current 120.5 minutes ADT by between 43%
and 61%.
The best performance is achieved under the “all79”
scenario, with as many centers as locations can sustain at
ADT
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Fig. 3. Average drive time and coverage for the province and
each RT center for baseline geographic access. The 95% per-
centiles for British Columbia (BC), Okanagan (OK), and
Vancouver (VA)were356, 384, and1546minutes, respectively.
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93.6% and 89.3% (22 centers with 25 LINACs and 10
centers with 26 LINACs, respectively), and ADT decreases
to 35.3 and 57.6 minutes (22 centers with 27 LINACs and
10 centers with 26 LINACs, respectively) under the 1- and
2-LINAC minimum (a 71% and 52% reduction from
baseline). The Australian scenario performs similarly to
those with a maximum of 8 centers even though only 1
large center was allowed in metropolitan Vancouver.
As additional reference (not shown), in an extreme
scenario where no minimum capacity per center was
imposed at all, C90 would virtually reach full coverage
(99.9%) and ADT just 11.6 minutes. This was achieved
with a total of 77 LINACs distributed over 71 centers.
Existing RT locations versus modeled optimal
locations
Assuming that a minimum of 2 LINACs per center is the ideal
for redundancy and it is best to optimize for closeness, the
optimal solution for a 5-center program would maintain cen-
ters in Okanagan (HSDA 13) and Southern Vancouver Island
(HSDA 41) but would amalgamate the 3 greater Vancouver
area centers into 1 large center in this region (HSDA 22) in
favor of adding centers in the north (HSDA 52) and central
Vancouver Island (HSDA 42). When an 8-center solution is
considered with the similar assumptions, all locations of
existing centers are maintained, with 3 new centers added in
the north (HSDA 52), central Vancouver Island (HSDA 42),
and 1 more center in the greater Vancouver area (HSDA 22).
Capacity allocation and catchment area definitions
In addition to location of centers, the optimal catchment
areas and LINAC capacity are important model outputs.
Table 3 shows the calculated number of LINACs per HSDA
under every scenario, considering the operating parameters
defined above (470 courses/year per LINAC). The 5% of
courses associated with out-of-province cases have beenadded to the center closest to the ones at which they were
actually treated. The 5 existing BCCA centers had 28
LINACs staffed and in operation in 2011. This included
capacity used for out-of-province and unknown residence
patients excluded from this study, resulting in approxi-
mately 24 LINACs of capacity to be allocated across
centers.
The first scenario (curr 5), where current center locations
are enforced but catchment areas are redefined (courses are
freely allocated to the center that improves performance the
most), shows that existing operating capacity is mostly
aligned with the optimal allocation from our model. The
Vancouver center shows the largest difference with our
results (approximately 50% less capacity allocated), which
is explained by its provincial role serving both out-of-
province patients (which were excluded from this study)
and patients from across the province for very specialized
treatments or due to patient preference.
Under the greenfield setting and a maximum of 5 cen-
ters, all greater Vancouver capacity was aggregated in 1
large center (13 LINACs) in favor of locating more centers
in locations with more dispersed population (Vancouver
Island and interior BC or northern BC under coverage and
closeness emphasis, respectively). As the maximum num-
ber of centers increased to 6 and 7, mostly small centers
were located outside greater Vancouver; and for the
8-centers scenario, between 2 and 4 centers were located in
greater Vancouver, depending on whether 1- or 2-LINAC
minimum capacity was imposed.
The scenarios with no maximum number of centers
(all79) distribute capacity across almost all HSDAs
according to their local demand and whether they could
sustain the 1- and 2-LINAC minimums with no center
having more than 4 LINACs.
For the Australian scenarios, capacity was distributed
similarly to the greenfield settings, with multiple smaller
centers across HSDAs outside metropolitan Vancouver.
A direct output of the mathematical model used in the
analysis is the definition of catchment areas for each center.
Decisions are made for individual patients and can be
aggregated at any level to create guidelines for referral.
This is a very valuable result to implement specific
configuration strategies.
Impact on utilization
The estimated impact on utilization associated with each of
the C90 scenarios is shown in Table 2. The actual provin-
cial baseline %RTU for the province in 2011 was 49.5%.
Note that all scenario analysis shown in Table 2 were
higher than the actual utilization because of the assumption
outlined in the methods. The estimated maximal utilization
associated with each scenario analysis only varied by only
2.5% (from 52 to 54.5%). The highest potential utilization
was associated with the unconstrained (79 possible centers)
greenfield, 1-LINAC solution, in which there were 13
centers.
Table 3 Optimal center locations and number of linacs per center
Capacity No. of LINACs
Maximum no.
of centers
Coverage emphasis
5 5 6 7 8 5 6 7
HSDA Operating* Curr 5 Curr 5þ1 Curr 5þ2 Curr 5þ3 any 5 any 6 any 7
Capacity
constraint
1 LINAC
minimum
(11) East Kootenay - - - - - - - -
(12) Kootenay Boundary - - - - 1.0 - 1.0 1.0
(13) Okanagan 5.0 5.1 5.1 3.1 2.3 3.1 2.3 2.1
(14) Thompson Cariboo Shuswap - - - 2.0 1.8 2.0 1.8 1.0
(21) Fraser East 3.0 2.1 2.1 2.1 2.1 - - -
(22) Fraser North - - - - - 13.7 13.7 13.7
(23) Fraser South 5.0 5.0 5.0 5.0 5.0 - - -
(31) Richmond - - - - - - - -
(32) Vancouver 9.5 6.7 6.7 6.7 6.7 - - -
(33) North Shore/Coast Garibaldi - - - - - - - -
(41) South Vancouver Island 5.5 5.9 3.8 3.8 3.8 - - -
(42) Central Vancouver Island - - - - - 4.5 4.5 4.5
(43) North Vancouver Island - - 2.2 2.2 2.2 1.4 1.4 1.4
(51) Northwest - - - - - - - -
(52) Northern Interior - - - - - - - 1.0
(53) Northeast - - - - - - - -
BC Totalz 28.0 24.8 24.8 24.8 24.8 24.8 24.8 24.8
2-LINAC
Minimum
(11) East Kootenay - - - - - - - -
(12) Kootenay Boundary - - - - - - - -
(13) Okanagan 5.0 5.1 5.1 3.1 2.2 3.1 2.2 2.2
(14) Thompson Cariboo Shuswap - - - 2.0 2.0 2.0 2.0 2.0
(21) Fraser East 3.0 2.1 2.1 2.1 2.1 - - 10.7
(22) Fraser North - - - - - 13.7 - -
(23) Fraser South 5.0 5.0 5.0 5.0 5.0 - 12.7 -
(31) Richmond - - - - - - - -
(32) Vancouver 9.5 6.7 6.7 6.7 5.6 - - -
(33) North Shore/Coast Garibaldi - - - - 2.0 - 2.0 4.0 (2)
(41) South Vancouver Island 5.5 5.9 3.8 3.8 3.8 - - -
(42) Central Vancouver Island - - - - - 3.9 3.9 3.9
(43) North Vancouver Island - - 2.2 2.2 2.2 2.0 2.0 2.0
(51) Northwest - - - - - - - -
(52) Northern Interior - - - - - - - -
(53) Northeast - - - - - - - -
BC Totalz 28.0 24.8 24.8 24.8 24.8 24.8 24.8 24.8
Abbreviations: anyNZ any 5-, 6-, 7-, and 8-center locations; AustZ Australian; currN þ NZcurrent 5 centers þ (N) number of new
centers; HSDA Z health service delivery area; LINAC Z linear accelerator.
* Operating LINACs in current British Columbia Cancer Agency centers.
y As additional information, the number of centers where the calculated LINACs are located is shown in parentheses.
z BC Total is the count of LINACs, assuming each LINAC delivers 470 courses every year.
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The ranges in C60, C90, and ADT for each scenario arising
from modeling travel times for different years {2007-2011}
are shown in brackets in Table 2.
Discussion
The scenarios analyzed demonstrate the potential to improve
geographic access to RT services through system configu-
ration changes: catchment areas and addition of new centers.
Scenarios with existing locations enforced and 5 centers
showed limited improvement in coverage but significant
reduction in drive time over baseline performance. The
addition of new centers created important improvements in
both metrics. The location of existing centers in an
expanded program are supported by optimization. BCCA
recently opened a new center in northern BC and is
currently considering another center in central Vancouver
Island, which aligns with the optimization results with a
closeness emphasis with 2 LINAC minimum.Other factors ranging from proximity of other health
services (eg, site-specific surgical expertise, palliative care,
radiology, pathology) and basic science research are clearly
important factors that must be considered in location of an
RT center. The model assumes that such services are
available, or could be made available, at any acute care
hospital. In addition, factors such as quality and efficiency
with respect to workload of the oncologists are not spe-
cifically addressed. Such factors would have to be weighed
in final decision making but were beyond the scope of the
current model, other than in the inherent association with
minimum RT workload that would fully utilize at least 1 to
2 LINACs. However, whether patients with any cancer site
(eg, head and neck or sarcoma) should go to any center or
whether smaller centers should take only more limited sites
(breast, lung, or prostate) is not considered in the current
version of the model.
The impact of center location on utilization of RT is also
a critical factor to consider. We have described the impact
of center location on RT utilization herein. Whether there is
unmet need not captured by the existing RT centers, related
to factors other than travel time, remains. However, more
Coverage emphasis Closeness emphasis
8 79b 60 5 6 7 8 5 6 7 8 79y 60
any 8 All 79 Aust Curr 5 Curr 5þ1 Curr 5þ2 Curr 5þ3 any 5 any 6 any 7 any 8 All 79 Aust
- - - - - - - - - - - - -
1.0 1.0 1.0 - - - 1.0 - 1.0 1.0 1.0 1.0 1.0
1.8 1.9 1.6 5.1 4.1 4.1 3.1 4.1 3.1 2.1 2.1 2.1 2.1
1.3 1.0 2.0 (2) - - - - - - 1.0 1.0 1.0 1.0
- 2.1 (2) 11.4 2.1 2.1 2.1 2.1 - - - - 2.1 (2) -
- 3.0 (3) - - - - - 13.7 13.7 13.7 - 3.0 (3) 11.7
12.7 2.5 (2) - 5.0 5.0 5.0 5.0 - - - 7.0 3.2 (3) -
- 1.0 - - - - - - - - - 1.0 -
- 2.4 (2) - 6.7 6.7 6.7 6.7 - - - 6.7 2.4 (2) -
1.0 3.0 (3) 2.8 (2) - - - - - - - - 2.0 (2) 2.0 (2)
- 2.9 (2) 2.9 (2) 5.9 5.9 3.3 3.3 3.5 3.5 3.5 3.5 2.9 (2) 2.8 (2)
4.5 2.0 (2) 2.0 (2) - - 2.7 2.7 2.5 2.5 2.5 2.5 2.1 (2) 2.1 (2)
1.4 1.0 1.0 - - - - - - - - 1.0 1.0
- - - - - - - - - - - - -
1.0 1.0 - - 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
- - - - - - - - - - - - -
24.8 24.8 (22) 24.8 24.8 24.8 24.8 24.8 24.8 24.8 24.8 24.8 24.8 (22) 24.8
- - - - - - - - - - - - -
- - - - - - - - - - - - -
2.2 3.1 2.9 5.1 3.1 3.1 3.1 3.1 3.1 3.1 3.1 3.1 2.9
2.0 2.0 2.0 - - - - - - - - - -
2.0 2.0 9.1 2.1 2.1 2.1 2.1 - - 2.1 2.1 2.1 -
- 2.0 - - - - - 13.7 - - 2.0 2.8 11.1
- 3.4 - 5.0 5.0 5.0 4.3 - 7.0 4.9 3.3 2.0 -
- - - - - - - - - - - - -
- 2.4 - 6.7 6.7 6.7 5.3 - 6.7 6.7 6.3 2.8 -
14.3 (3) 4.0 (2) 4.0 - - - 2.0 - - - - 4.0 (2) 2.0
- - - 5.9 5.9 3.3 3.3 3.5 3.5 3.5 3.3 3.4 2.9
2.3 3.9 3.6 - - 2.7 2.7 2.5 2.5 2.5 2.7 2.5 2.7
2.0 2.0 2.0 - - - - - - - - - -
- - - - - - - - - - - - -
- - - - 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 (1) 2.0
- - - - - - - - - - - - -
24.8 24.8 (10) 25 24.8 24.8 24.8 24.8 24.8 24.8 24.8 24.8 24.8 (10) 25
Table 3 Optimal center locations and number of linacs per center (continued)
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utilization and travel time for more accurate modeling.
It should be noted that the ADT scenarios are optimized
for the average distance, and given that the distances are not
symmetrically distributed, they increase the impact of long
distance. The main focus of the analysis, and likely the
more robust metrics, are those based on percent coverage
such as C90. However, the C90 metric does not consider
very long distance traveled at all (ie, those who live 91 km
from a center are considered the same as those who are
400 km from a center). Therefore, we have included the
ADT scenarios for comparison.
Conclusions
Our approach gives structure and formalizes system
configuration decisions in an objective, data-driven frame-
work that delivers results that can be audited, traced, and
replicated, but the model has not been validated in other
jurisdictions.
The use of a mathematical model allows one to consider
a large number of complex scenarios in a short period oftime, to compare existing locations of existing RT centers
to theoretical optimal locations, and to investigate optimal
locations for new centers. Results from our model are not
definite answers but rather representations of potential
scenarios under diverse operational conditions. Such an
approach could be used to plan RT resources in other ju-
risdictions with a large geographic region served by pub-
licly funded health care systems.
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Appendix
Mathematical Model
A simplified version of the location/allocation optimization
model used in this article to run the configuration scenarios
is provided next.
Sets
C Z {possible centre locations}
n Z {patient location (postal code) at diagnosis for each
course}
Parameters
Min Courses: minimum number of courses to allocate per
centre.
Max Courses: maximum number of courses to allocate per
centre.
Min Centres: minimum number of centres to locate.
Max Centres: maximum number of centres to locate.
a; b: relative weights for coverage and closeness in the
objective function.
sn: number of fractions for course n.
snc: drive time between patient location n and center
location c.
Decision variables
yc Z 1 if center location c is selected; 0 otherwise.
xnc Z 1 if patient location n is allocated to center location
c; 0 otherwise.
Constraints X
c
xnc[1 ð1Þ
xnc  yc ð2ÞX
n
xnc MinCourses  yc ð3Þ
X
n
xnc MaxCourses  yc ð4Þ
X
c
yc MinCentres ð5Þ
X
c
yc MaxCentres ð6Þ
z[a
 X
c
X
n˛C90ðcÞ
sn  xnc
!
 b

 X
c
X
n
sn  xnc  snc
! ð7Þ
Constraint (equation 1) ensures that each course is allocated to
exactly one center, while (equation 2) constraints individual
courses to be allocated to centers that are selected. Equations
3and 4 establish minimum and maximum number of courses
that selected centers need to satisfy, and equations 5 and 6
determine the total minimum and maximum number of cen-
ters to locate. Equation 7 is the objective function tomaximize,
with a coverage and closeness component with non-negative
relative weights a and b, respectively. The scalars s repre-
sents the number of fractions of each course, to account for
repeated visits during treatment, and s is the drive time be-
tween each patient location and center. In the paper, the opti-
mization models were run with alpha and beta equal to 1 for
closeness scenarios; and alpha Z 1 and beta Z 106 for
coverage scenarios.
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